The surface oxidation of palladium nanocrystals plays an important role in changing the active sites and subsequently influencing the catalytic reactivity. Such a microscopy study on surface oxidation, down to the atomic scale, is essential for understanding the structure-property correlations of palladium nanocrystal based catalysts. Herein, we present an in situ atomic scale study on the surface oxidation behavior of palladium nanocrystals, which is induced by electron beam irradiation under low oxygen partial pressure and at room temperature inside an environmental transmission electron microscope. We found that: (i) surface oxidation initially started at the edge sites with atomic steps or vertex sites, which served as active sites for oxidation; (ii) the oxidation reaction proceeded with a much faster rate on the {111} surface, indicating a certain crystallography preference; (iii) nanometer-sized palladium monoxide islands were formed on the surfaces eventually. The results from our in situ studies provide insightful knowledge, and will be of certain importance for the design of improved functional catalysts in future.
Introduction
Heterogeneous catalysts have attracted enormous interest in both science and the chemical industry. Nanocrystal based catalysts are developed because of their high surface-area-tovolume ratio compared to the bulk materials as well as their high surface energy. 1, 2 Among them, noble metal nanocrystal based catalysts are widely exploited and employed owing to their fascinating properties and excellent catalytic performance in a wide range of reactions from carbonic oxide (CO) oxidation to hydrogenation/dehydrogenation and from inorganic reactions to organic reactions, [3] [4] [5] in which the reaction yield and selectivity are mainly determined by the nature of surfaces. For most metals, the unavoidable surface oxidation could lead to substantial changes in both the surface structures and electronic properties, thus changing the catalytic activity. Hendriksen et al. reported that during the CO oxidation on Pt(110), the surface with an oxide state had a higher catalytic activity. 6 Over et al. indicated that the Ru(0001) surface first oxidized to form an RuO 2 (110) film under O 2 -rich conditions and at appropriate temperatures, 7 and RuO 2 was the active working surface in catalytic CO oxidation under stoichiometric CO/O 2 conditions and pressures. 8 For the methane oxidation reaction, Lyubovsky et al. found that metallic palladium (Pd) was more active than the oxidized form of palladium monoxide (PdO) at high temperatures; 9 while at low temperatures, PdO was thought to be the catalytically active phase. 10 However, transmission electron microscopy (TEM) studies suggested that the coexistence of Pd and PdO phases functioned as the most active catalysis in methane oxidation reaction. 11 The results from these early studies suggested that surface oxidations had significant impacts on the catalytic activity, either positive or negative, due to the formation of surface oxide layers. Hence, an understanding of the surface oxidation of noble metal catalysis at the atomic scale is in high demand. Pd nanocrystal based catalysts have been widely used in many important industrial catalytic processes, such as hydrogenation reactions, 5, 12 and oxidation/reduction reactions in fuel cells. 13, 14 It has long been recognized that the catalytic activity and selectivity of Pd nanocatalysis are dependent on their sizes, 15, 16 shapes, [17] [18] [19] facets and surface structures. [23] [24] [25] 28, 29 photoemission spectroscopy (PES), 30 Auger electron spectroscopy (AES), 23, 26 X-ray photoelectron spectroscopy (XPS), 23, 29, 31 scanning tunnelling microscopy (STM), 32, 33 and high resolution electron energy loss spectroscopy (HREELS). 29 These previous successes substantially deepened our understanding on the oxidation mechanisms of Pd. However, most of these studies focused on the oxidation process of bulk Pd crystals, and little was known about that in nanocrystals, where the surfaces mainly functioned. It is expected that more studies could be conducted, particularly through microscopy down to the atomic scale, to investigate the structure evolution or atom movements during the oxidation of Pd nanocrystals. A high resolution transmission electron microscope (HRTEM) is an ideal tool to investigate the structures and properties of nanomaterials at the atomic scale, and more importantly, it allows real-time imaging. Using in situ experimental techniques, it is convenient to visualize atoms in real space, and thus explore the dynamic structural changes under near reactor conditions. [34] [35] [36] [37] [38] [39] [40] [41] In this work, we employed an in situ environmental transmission electron microscope (ETEM) to study the surface oxidation of Pd nanocrystals under low oxygen partial pressure and at room temperature. It was concluded that electron beam irradiation during the ETEM observations activated the surface oxidation of nanocrystals nonthermally. We confirmed the on-set and the evolution of surface oxidation and the oxidation products on Pd nanocrystals. Based on these results, we proposed possible schemes of the reaction pathway.
Experimental
To compare the influence of the surface structure and facets on the oxidation, here we chose two types of Pd nanocrystals with different morphologies: octahedral 21 and spherical 42 shape. As-received Pd nanocrystals were firstly dispersed in deionized water and then deposited onto a molybdenum (Mo) mesh. Before loading into the TEM vacuum chamber, the samples containing the Mo mesh were plasma cleaned (Plasma Cleaner Model 1020, power of 660 W, Fischione Instruments) for ten minutes to remove the amorphous contamination (mostly hydrocarbons) surrounding the nanocrystals. During this process, high-frequency plasma was generated with a gas mixture (25% oxygen and 75% argon in volume, at a total pressure of 80 kPa). After plasma cleaning, the Pd samples were checked using a probe-corrected scanning transmission electron microscope (STEM) attached with an energy dispersive spectrometer (EDS) (Titan ChemiSTEM, FEI), operated at an acceleration voltage of 200 kV. The corresponding high angle annular dark field (HAADF) collection angles were 50-200 mrad with a camera length of 135 mm, the spherical aberration was 0.6 µm and the average cumulative dose used was about 1.1 × 10 −3 e nm −2 . In situ TEM studies were performed inside an environmental transmission electron microscope (H-9500, Hitachi) operated at an acceleration voltage of 300 kV, which could provide a point resolution of 0.19 nm under optimum conditions. This microscope was equipped with a bottom mounted direct detection device camera (DE-12, Direct Electron), and a time resolution of 10 frames per second was set for image recording. All TEM experiments were carried out at room temperature. Fig. 1d shows a spherical Pd nanoparticle at the edge of the Mo mesh support. The faceted spherical Pd nanoparticle had a diameter of about 7 nm and low-index planes were also shown. Fig. 2 shows the time sequenced TEM images for the surface oxidation of an octahedral Pd nanocrystal. The images are snapshots from the recording video (Movie S1, ESI †). HRTEM characterization of the same Pd nanocrystal is presented in the ESI (Fig. S2 †) , where a 3D schematics is shown together with the line profile analysis of the step edge region on the Pd(111) plane. The Pd nanocrystal was enclosed by the {100} and {111} facets, and the measured lattice fringes with a d-spacing of 0.223 nm, which corresponded to the {111} lattice planes of the face-centered cubic (fcc) structure Pd, were in accordance with the results in published papers (Table S3 and the cited references in the ESI †). The nanocrystal had many imperfect lattice planes on the rough surfaces, especially on the {111} surface. It was found that the lattice spacing of surface layers in the step edge region was much bigger than that of inner layers. The interplanar spacing between the topmost and the second topmost surface layers in the step edge region was 0.29 nm; while the interplanar spacing of inner layers of Pd(111) planes was 0.22 nm (Fig. S2 †) . The closer to the surface, the greater the lattice spacing was.
Results
For the in situ electron irradiation experiments, the electron beam intensity was stabilized at 9.5 A cm Step edges standing on the Pd {111} surface are shown by the black arrows. Under an extended period of electron beam irradiation, the step edge region firstly started to change (Fig. 2b) . After the reaction evolved further and the newly formed surface product grew bigger (Fig. 2c) , the product was identified to be the tetragonal PdO phase, based on the coinciding lattice parameters (Table S4 † lists out the commonly known palladium oxides and their corresponding lattice parameters). The PdO oxide phase (viewed in the [111] direction) and the Pd substrate phase appeared in an orientation of PdO(101)∥Pd(111). Accordingly, the Pd nanocrystal had initiated a surface oxidation reaction under the electron beam irradiation; the initial reaction in step edge regions served as the beginning of oxidation evolution. In the initial stage, since the newly formed oxide layers were only 1-2 monolayers, their structures were determined mainly by the interactions with the substrate and surface effects, and distinguished from either Pd or PdO. 14 Reacting from the initial activated sites, the oxide on the nanocrystal surface had a fast rate growth on the Pd(111) surface. Due to the mismatch of two phases in lattice parameters, the PdO oxide phase had about 18% expansion compared to the Pd phase. An evident lateral growth of the surface oxide is shown in Fig. 2c and d . When the left side of the growing oxide met the nearest vertex corner of the nanocrystal, the growth stopped and the oxidation began to evolve towards right and vertical direction, and grew to be a nano-sized oxide island eventually ( Fig. 2e and f ) . The insets in Fig. 2f show the Fast Fourier Transform (FFT) analyses of two phases. It clearly showed that the PdO oxide phase was formed on the nanocrystal surface, distinct from the metallic Pd phase. The bulk PdO formation was always accompanied by surface roughening. The white arrows in all six images marked the same Pd(111) planes, from which we could verify the lateral movements of the surface oxide. The vertical growth of the PdO oxide on the nanocrystal surface was marked by the numbered black arrows coplanar to the Pd(111) planes in Fig. 2d-f . The schematic structural model diagrams are given in Fig. 3 . Considering the unknown oxygen adsorption sites, the illustration only focused on the edge-site oxidation process. The oxidation initially started in the step edge region; then, the oxide layers grew and the PdO oxide phase was formed on Pd(111) surfaces; and finally, a nanometer-sized oxide (PdO) island was achieved. Spherical Pd nanoparticles were also employed in our investigations to show that the beam induced surface oxidation of octahedral Pd nanocrystals was not an exceptional case. Sequential TEM images showing the structure evolution of a spherical Pd nanoparticle, which was also induced by electron irradiation, are presented in Fig. 4 . TEM experiments were carried out using the same procedure as that of the octahedral Pd nanocrystals. Herein, the electron beam intensity was controlled at 3. (111) and Pd(111) planes, highlighted by black arrows (Fig. 4b) . With further irradiation, the reaction evolution spread from the vertex sites to the Pd(111) surface (Fig. 4c) . But this spreading stopped at the other side of Pd(111) planes, marked by black triangles ( Fig. 4c and d ). In the following stage, the resultant began a three-dimensional growth on the Pd(111) surface ( 
Discussions
We firstly discussed the effects of plasma cleaning for the adsorption and subsequent oxidation of Pd nanocrystals. 44 As per our studies, the oxygen adsorption and atom/ion implantation might occur during the plasma treatment and cause weak oxidation on the outermost layers. For the octahedral Pd nanocrystal, we had observed an expansion of about 32% in the outermost layer in the step edge region standing on the Pd(111) surface (Fig. S2 †) which was likely exacerbated by the plasma bombardment, and/or the knock-on damage of energetic electrons during TEM imaging. Nevertheless, the adsorption of oxygen onto the Pd surface was reported to be a spontaneous process. 22, 45 Due to the limitation of our TEM, we were not able to capture the adsorbed oxygen molecules on the surface of Pd nanocrystals. Back to the oxidation evolution, the energetic electron beam and the oxidation mechanism were much relevant. For Pd nanocrystals loaded on the same Mo grid, no obvious oxi- dation was observed in the absence of the electron beam. Also no palladium oxide was found on the surface before the TEM observations ( just after plasma cleaning). Thus, it was concluded that electron irradiation was essential for the oxidation of Pd nanocrystals in this work. Independent experiments were also carried out to verify the effect of residual oxygen inside the TEM chamber, in which we filled the microscope column with pure N 2 and kept other experimental parameters (beam dose, electron energy etc.) unchanged. Again, no oxidation of Pd nanocrystals occurred in the N 2 enriched environment (Fig. S6 †) . This helped us to confirm the major contribution of oxygen coming from the residual gases inside the microscope chamber, not from the possible oxide layer on the Mo mesh via surface migration. Since oxidation reactions required a supply of atomic oxygen, together with sufficient mobility of metal atoms on the surfaces, we estimated the effects of electron beam irradiation. A temperature rise on the nanocrystals was expected to occur as a result of electron beam heating, which was proportional to the energy loss of the electron beam. 46 The temperature rise was calculated, but due to the excellent thermal conductivity of Pd and Mo, it was less than 1 K and nearly negligible (details for the estimation of beam heating can be found in the ESI †). So, the oxidation was more likely activated non-thermally. As the beam induced oxidations were performed under the irradiation of high energy electrons, the electrons might activate the oxidation reactions directly. In general, two types of electron beam effects were considered in the TEM: knock-on damage and radiolysis. Note that the sputtering and/or beam induced migration of the atoms around the vertex sites was found under an extended period of beam irradiation (Fig. S6 †) . The interaction between electrons and gas molecules could also lead to the ionization of gas molecules, and the formation of radical species like atomic oxygen, thus promoting the oxidation of nanocrystals. 36, 47 Herein, it was inferred that after the dissociation of residual oxygen in our microscope column and the adsorbed oxygen on Pd surfaces by the high energy electrons, the atomic oxygen adsorbed on Pd surfaces, further leading to subsequent oxidation. Regarding the detailed oxidation kinetics, previous studies on the surface oxidation of Pd(111) suggested a two-step process of oxygen adsorption and diffusion at room temperature, 23 while the bulk PdO would further form at elevated temperatures. 23, 24 The oxidation began with oxygen adsorption. During the adsorption, oxygen preferred to bind with surface defects, 23, 48, 49 e.g. step edges and vertex sites, due to their unsaturated bonds and high surface energy. Also, we found that the oxidation only occurred on the surface steps of Pd(111) on octahedral Pd nanocrystals as shown in Fig. 2 . This position selectivity might be related to the uneven thickness of Pd(111) steps along the beam direction, meaning that thinner Pd(111) sites had a larger ratio of low-coordinated atoms, which were more competitive to form PdO nucleate sites for continuous crystal growth. The oxygen adsorption and incorporation onto the subsurface in the step edge region or vertexes would also make these sites less stable due to the additional cost of distorting the substrate lattice and breaking metal bonds. 50 Such defects were well-suited as nucleation centers. Moreover, these sites provided an easier diffusion path for oxygen. Hence, the step edge region with the lattice expansion or the vertex sites initially served as activated sites and nucleation centers for the oxidation of Pd nanocrystals or nanoparticles, respectively. Accordingly, with the initial oxidation sites like step edges or vertex sites, in a low oxygen partial pressure system (10 −5 Pa), the oxidation evolution of Pd nanocrystals eventually formed nanometer-sized PdO oxide islands on Pd {111} surfaces. It was suggested that the precursor state distinct from PdO or meta-stable surface oxides could occur during the Pd(111) oxidation. 24, 30, 31, 51 While in this work, despite the ultrathin resultant oxide layers (only 1-2 monolayers) at the initial oxidation stage, whose stoichiometry could not be determined precisely via HRTEM image analysis, only the formation of PdO was observed. The Pd-Pd nearest neighbour distance is 0.305 nm in PdO vs. 0.275 nm in Pd, the oxidation thus requires expansion of the Pd surface. One way for this surface relaxation was through surface reconstruction, e.g. by ejecting Pd atoms outwards. The blue dashed circles had marked the abnormal contrast regions (Fig. 2c-e) . On the other hand, at the vertex corner of the octahedral Pd nanocrystal, small nanoscale steps were formed, as pointed by the black dashed lines (Fig. 2e) . It revealed a diffusion of surface metal atoms during the oxidation reaction. Hence, both rearranging bulk atoms and the diffusion of the corner/surface atoms supplied the metal atoms needed for the oxide island growth. The octahedral Pd nanocrystal and spherical Pd nanoparticle displayed similar surface oxidation evolution. However, the reaction rate and the oxidation degree presented here were of great difference. At 157.6 s, the oxidation of octahedral Pd nanocrystals had evolved in about six surface layers; while at 185.5 s, the vertex sites of spherical Pd nanoparticles just began to evolve. After this, the oxidation of spherical Pd nanoparticles had a great extent of oxide formation with about 20.6% area ratio at 386.3 s, compared to the 1.3% area ratio of surface oxide (still six layers) on octahedral Pd nanocrystals (Table S1 †), as estimated from their projected areas. This distinction of the reaction rate was mainly concerned with the particle size, the electron beam intensity, and the oxygen partial pressures that we provided (Fig. S3-S5 , † more cases of irradiation oxidation on spherical Pd nanoparticles; Tables S1 and S2 †). In this work, in spite of the limited samplings, we could still find that smaller sized Pd nanoparticles reacted more rapidly, which might be owing to their higher surface energy. For the spherical Pd nanoparticles (Fig. 3/Movie S2 , Fig. S3 /Movie S3, and Fig. S4 †) , the oxide growth was preferential on the Pd {111} surface. On one hand, the {100} facets had a stronger capability of generating active oxygen species than the {111} facets, but molecular O 2 was more active on the Pd(100) crystal surface than on Pd(111), 22 in other words it was more difficult to dissociate an oxygen molecule on Pd(111). On the other hand, it was found that O atoms were adsorbed on the bridge site on Pd(100) and the fcc site on the Pd(111) surface, and O atoms had much higher adsorption energies on Pd(100) (−4.70 eV) than on the Pd(111) (−4.49 eV) surface. 52 The irradiation of high energy electrons not only decomposed oxygen molecules into atomic oxygen promoting the oxidation as mentioned above, but could also desorb oxygen from the metal/metal oxide surfaces due to the knock-on effect and surface sputtering. The balance of the competing effects depended on the partial pressure of gases, the electron current density and the orientation of surfaces with respect to the electron beam. 36 Herein, the {111} surface was likely to have higher oxygen coverage under the provided experimental conditions, thus a preferential oxide growth on Pd {111} surfaces was observed on spherical Pd nanoparticles. It would be interesting to control these factors, like oxygen pressure, electron beam intensity and temperature, to identify their contributions. Although here we used an electron beam to decompose O 2 and activated the oxidation, the ion diffusion and oxidation features, like the initial reaction at step edges or vertex sites, and the crystallography preference, could offer guidance for understanding the oxidation mechanisms of metals at the nanoscale, especially at low oxygen pressure and low temperature involved oxidation reactions.
Conclusions
In summary, we have presented an in situ study on the surface oxidation behaviour of Pd nanocrystals induced by electron beam irradiation using two types of Pd nanocrystals, as octahedral and spherical structures. Valuable insights into the surface oxidation process and surface diffusion are obtained. The observations at the atomic scale showed that the oxidation preferred to launch reactions at the active sites, like the step edges or the vertex sites. The faceted spherical Pd nanoparticles showed a crystallography preference for the surface oxidation, which was on the Pd {111} surface. Both Pd nanocrystals were oxidized and formed nanometer-sized PdO oxide islands. The electron beam in the microscope had promoted the oxidation on Pd nanocrystals. The oxidation layer thickness and/or the island size depend on the oxygen partial pressure in the column, the irradiation time and the e-beam dose on the samples.
